A particle simulation code has been used to study the effect on transverse beam dynamics of charge induced on focusing electrodes. A linear transport system was assumed. The initial particle distribution was taken to be that of a uniform elliptical beam with a Gaussian velocity distribution. For misaligned, highly space-charge-dominated beams (betatron phase advance per lattice period < 10°), a large oscillation of the rms emittance occurred in a beat pattern. Linearized Vlasov analysis shows the oscillation to be a sextupole oscillation, driven by the beam coherent betatron motion. Emittance growth accompanied the oscillation. Preliminary experimental results from the Single Beam Transport Experiment (SBTE) are consistent with the code results. Addition of a dodecapole nonlinearity to the computational focusing field greatly reduces the oscillation amplitude.
Introduction and Description of the Model
We report here the results of a theoretical study of the transverse dynamics of a space-charge-dominated charged particle beam subject to forces due to charge induced by the beam on conducting boundaries. We find that these nonlinear "image" forces can cause a collective oscillation of the transverse rms emittance. We have investigated this phenomenon using computer simulation, and explained the results analytically.
We assume a single species charged particle beam in a linear alternating-gradient transport system. The beam is assumed to enter the transport channel with uniform density and elliptical cross-section, with major and minor radii matched to the focusing system. The initial velocity distribution is locally Maxwellian with a unique temperature throughout the beam. Four conducting cylinders, whose axes are parallel to the transport channel, are used to simulate the conducting boundary provided by electrostatic focusing electrodes (see Fig. 1 ). The induced charge on these electrodes causes the image forces which are the subject of study. We assume here values of R = 24 mm d = 21.00 mm (see Fig. 1 ), which is consistent with the absence of any dodecapole nonlinearity in the focusing field.1 No longitudinal acceleration is applied, and the calculation is non-relativistic.
Th-ic computer simulation used is a two dimensional (transverse plane) particle-in-cell simulation. Periodic boundary conditions are applied along the boundary shown as a dashed line in Fig. 1 , but the beam is well shielded from its periodic replicas by the electrodes. The quadrupole focusing is applied using a thin lens approximation. Fig. 2 appears to be half its true value because, due to computer time restrictions on this long run, the emittance was measured with a low sampling rate.) For the same parameters as these runs, but with c = 12°, the effect was negligible. We have studied the oscillation of emittance, and an explanation which is quantitatively consistent with the simulation results will be discussed in the next section. The net growth of emittance which accompanies the oscillation does not occur in the linearized theory shown below, and is assumed to be nonlinear evolution of the collective mode.
The net growth increases as the amplitude of the emittance oscillation increases. Study of the scaling of the oscillation amnplitude will therefore provide some indication of the amount of emittance growth to be expected. We will now describe the oscillation in more detail, and then proceed to the theoretical explanation.
The oscillation occurs in a beat pattern, with the higher frequency approximately equal to twice the coherent betatron frequency. The amplitudes of the x and y emittance oscillations are approximately equal. The amplitude of the oscillation increases as Ar, a, or o is increased, or a or d are decreased. Thus this effect could present a limit to the current density which can be transported without emittance growth. The rms beam radii remain constant during the oscillation, while the moments oscillate at the same frequency as the emnittance. The beam is therefore heating, while its shape, except for the minor distortion mentioned above, is unchanged. Phase plots indicate that the multipole mode of the oscillation is an odd mode, i.e., the mode potential is proportional to cos me with "m" odd. Results are similar for a KV distribution.
Results of Linearized Vlasov Analysis
The above emittance oscillation can be examined analytically for the case of a round uniform beam with a KV velocity distribution in a cylindrical pipe. Assume for simplicity an initial offset in the x direction of magnitude h. Using the smooth approximation we obtain the particle equations of motion: 
Addition of a Dodecapole Force Equation (5) and the simulation results both suggest, as expected, that increasing the aperture size would decrease the emittance growth due to induced charge at the boundaries. If this is done for the electrode geometry shown in F'ig. 1, a nonlinear (dodecapole) potential of the form Vr6 cos 6E) is added to the focusing field potential. This component is only absent when the electrode radius, R, is such that R/d = 1.1457.1 This potential has been shown to cause emittance growth for misaligned beams.4 We find that the addition of the dodecapole force with the image force suppresses emittance growth dramatically, if the dodecapole strength is chosen correctly. Setting R/d _ (0.75)(1.1457) works well, decreasing the emittance growth in Fig. 2, for instance, to -5%, in 200 periods. This appears to be due to the fact that in the beam frame the dodecapole and imnage forces present sextupole components of opposite sign. Reversing the sign of the dodecapole field will enhance, rather than suppress, emittance growth, thus supporting this hypothesis. This is demonstrated in Fig. 3 Since the emittance changes caused by this driven mode may limit the transportable charge density in a beam, it is important to decrease its effect as much as possible. We have found that the addition of a dodecapole force of the proper strength suppresses the mode. This is probably due to a partial cancellation of the sextupole cornponent of the image force in the beam frame by the same component of the dodecapole. 
